In order to convert the well-known Fe-Co-B alloy from a soft to a hard magnet, we propose tetragonal strain by interstitial boron. Density functional theory reveals that when B atoms occupy octahedral interstitial sites, the bcc Fe-Co lattice is strained spontaneously. Such highly distorted Fe-Co is predicted to reach a strong magnetocrystalline anisotropy which may compete with shape anisotropy. Probing this theoretical suggestion experimentally, epitaxial films are examined. A spontaneous strain up to 5 % lattice distortion is obtained for B contents up to 4 at%, which leads to uniaxial anisotropy constants exceeding 0.5 MJ/m 3 . However, a further addition of B results in a partial amorphization, which degrades both anisotropy and magnetization.
I. INTRODUCTION
In PLD, ions with high kinetic energy around 100 eV are deposited 25 . Thus, besides regular deposition, an implantation of the material within the topmost film monolayer takes place 26 and allows for a supersaturation of Fe-Co films with C or B. However, this high energy impact also supports the formation of lattice defects. Supersaturated PLD prepared
Fe-Co films with 2 at% C retain c/a ratios of 1.03 up to high film thicknesses 8 . An open question, though, is how the spontaneous strain and the MCA may be further increased. Since the solubility of C in Fe-Co is limited also in PLD prepared films 8 , we
focus on boron as atom of comparable size. The location of B in bcc Fe (and similar in bcc
Fe-Co) is still under debate. Boron can substitute Fe in the ideal bcc positions [27] [28] [29] , can occupy interstitial positions [30] [31] [32] [33] , and B solution in Fe can be stabilized by Ni, N and C question, how an additional occupation of the other octahedral institials affects the structural properties and the total energy will be discussed based on DFT calculations.
Besides the discussed lattice preferences of boron, amorphization of the Fe-Co lattice is expected to begin at a certain B content. Depending on the film preparation conditions, amorphous Fe-Co-B phases were reported at B concentrations of e. g. 7.5 6 , 15 7 or 22 at% 5 .
In order to establish a high magnetocrystalline anisotropy in Fe-Co-B, amorphization has to be avoided. Our study thus presents theoretical calculations of the preference of B atoms to occupy the same type of octahedral interstitials due to lower energy of such configuration.
Then it focuses on the MCA evaluation of ideal Fe-Co-B crystals assuming all B impurities occupying the octahedral interstitials perpendicular to the substrate. We then introduce the properties of PLD prepared epitaxial Fe-Co-B films, taking the different possibilities how B may affect the Fe-Co lattice into consideration.
II. METHODS

A. Computational methods
First principles electronic structure calculations within the generalized gradient approximation (GGA) 40 were used to identify stable or metastable body centered tetragonal (bct) structures for B doped Fe-Co alloys.
In the first step, different B concentrations were modeled by three Fe y B supercells, Fe 8 B, 45 . The plane-wave cut off and the energy convergence criterion of the scalar relativistic calculations were set to 500 eV and 10 −7 eV, respectively.
In the second step, the alloying effect on the equilibrium parameters (c/a) eq -ratio and volume V eq of these relaxed structures was studied using the Exact Muffin-Tin OrbitalsFull Charge Density (EMTO-FCD) method [46] [47] [48] [49] [50] [51] [52] [53] . The accuracy of the EMTO method is controlled by the optimized overlapping muffin-tin potential 49, 51, 54 . The muffin-tin potential optimization procedure is described in details in Ref. 55 . The one center expansion of the full-charge density was truncated at l h max = 8. Between 40 and 500 uniformly distributed k-points were used in the irreducible wedge of the Brillouin zone. The electrostatic correction to the single-site CPA was described using the screened impurity model 58, 59 with a screening parameter of 0.6. Other screening parameters 60 have been tested for the smallest system and it turned out that their effect on the equilibrium parameters is less than 1 %.
The magnetic properties, including magnetic moments and the magnetocrystalline anisotropy energy (MAE), of the various (Fe 1−x Co x ) y B systems were evaluated using the spin-polarized relativistic KKR (SPR-KKR) 61 ,62 method in the atomic spheres approximation (ASA), in a similar manner as was done in Ref. 22 . Calculations were performed using GGA 40 for the exchange-correlation potential and at least several thousand k-points (depending on system size) were used for numerical integration over the Brillouin zone in order to obtain well converged values of MAE. Alloying was treated with the CPA 56 and the MAE was obtained by total energy difference for two different magnetization directions, i. e. MAE = E total (m 100) − E total (m 001).
All structures from subsection III B were fully relaxed, c/a ratios and volumes were optimized together with atomic relaxation for every c/a ratio and volume. following the same procedure as described in Ref. 22 . All parameters were carefully tested to provide well converged values.
B. Experimental
The Fe-Co-B samples were prepared as thin films performing Pulsed Laser Deposition (PLD) in ultra-high vacuum (5 × 10 −9 mbar) at room temperature. buffer layers were deposited prior to the deposition of the 20 nm thick Fe-Co-B films. The
Au-Cu and the Fe-Co-B layers were prepared in pseudo-co-deposition, i. e. by repetitive changing of the targets during PLD to achieve the aimed compositions. Elemental (Au, Cu, Fe and Co) and a FeB composite target were used therefore. The deposition rates were measured prior the preparation with a quartz crystal rate monitor.
Energy dispersive x-ray spectroscopy (EDX) measurements on a Bruker EDX in a JEOL In other words, the c/a ratio is now higher than 1, where 1 corresponds to a cubic lattice.
The total energies E as a function of c/a ratio and volume V for three Fe y B systems are computed by VASP and their plots are presented in Figure 1 . At each c/a ratio, the equilibrium volume (V eq ) is obtained by using a Morse-type equation of state as minimum of E(V ) dependency. Next, the equilibrium ratio (c/a) eq is attained by fitting E(V eq ) with a second order polynomial. Results of (c/a) eq and V eq are listed in The effect of substituting Fe by Co on the structural parameters of Fe y B has been taken into account by using the CPA approximation implemented in the EMTO method. The equilibrium ratios (c/a) eq and the lattice parameter a eq have been evaluated for the rigid supercells taken from the preceding VASP calculations. Thus, it is important to assess the accuracy of the EMTO method compared to VASP for the pure Fe y B. For each c/a ratio, a fully relaxed structure is generated by VASP at V eq and used as input for the EMTO.
Total energies are then calculated for each c/a ratio and five different V ′ s while keeping the internal parameters fixed. Results obtained by EMTO, using the above mentioned fitting procedure for VASP, are listed in Table I . The error bar of the (c/a) eq ratio is defined by ∆ = (c/a)
, with c/a ratios obtained by VASP and EMTO. Good agreement between these two theoretical methods, regarding both (c/a) eq and V eq , is observed.
After validation of the EMTO method, the desired CPA structures of (Fe x Co 1−x ) y B have been evaluated. Results are presented in Table II . It is observed that an increase of Co concentration in (Fe x Co 1−x ) y B enhances the tetragonal distortion (c/a) eq . At the same time the a eq and V eq decrease. Decrease in V eq is ascribed to the lower atomic volume of Co compared to Fe.
Note, that the tetragonal distortion predicted for B-doped Fe-Co alloys is larger than for C-doped alloys 22 . This can be understood by the fact that the B atomic radius is bigger than the C atomic radius. By adding 4 at% of B a distortion around 1.05-1.07 should be achieved, while for C-doping it is merely about 1.03-1.04. This comparison suggests that B-doping could be a better way to achieve tetragonally distorted Fe-Co alloys.
Note further, that with B-doping, the tetragonal distortion can be obtained for a broader range of Co concentrations, compared to C-doped counterparts. This suggests a possibility to prepare tetragonal Fe-Co alloys with lower Co contents. In order to find out whether this brings any advantages, we discuss their magnetic characteristics in the following section.
B. Preferential orientation of octahedral interstitials
For a permanent magnet it is decisive that the easy axis of all unit cells is aligned along one particular direction, in which the magnet will be magnetized. The different orientations of octahedral interstitials 38 , which could be occupied by the B atoms, thus have to be consid- 
Fe atom ) ( within the VCA, gives the energy difference 0.39 eV/B atom, which also suggests to consider only the octahedral interstitials in the subsequent models.
As our calculations reveal a tetragonal distortion with uniaxial anisotropy along the c axis, independent of the B content, we can take any tetragonal building block for the following considerations, which are borrowed from martensite theory as this can be extrapolated towards the unit cell level 65, 66 . We consider martensite theory as reasonable since the diffusion of B as interstitial 33 is much faster in contrast to Fe (or Co) atoms 68 . In this picture, the orientation of the tetragonal distortion of the Fe-Co "martensite" changes, when B moves from one octahedral site to another.
The connection of different tetragonal building blocks is possible by twin boundaries, but they require additional twin boundary energy. A twin boundary is connected with a 90
• domain wall in these uniaxial ferromagnets, which further requires magnetic exchange energy.
In this simplified picture, both, elastic and magnetic contributions make a different orienta-tion of neighboring tetragonal building blocks energetically unfavorable. Twin boundaries must be introduced, however, to minimize elastic stress energy and magnetostatic energy, and in bulk samples all three orientations are thus equivalent and should occur together. Fig. 3(a) ), the positive strains are generated along two orthogonal axes, which leads to a c/a ratio below 1. In the second model ( Fig. 3(b) ), the octahedral interstitial axes are oriented parallel, which forms strain exclusively along the c axis and leads to c/a ratio above 1. Calculations show that the uniaxial configuration is favored with a difference of total energy equal to 129 meV/B atom. In order to relate the theoretical result to the experimental Fe-Co-B system one has to go beyond the pure Fe model and, as we did in the previous section, consider the influence of alloying with Co. With three B atoms per 3x3x3 bcc Fe supercell it is possible to construct a system with octahedral interstitials in each of the three spatial directions, resulting in a cubic structure. From an experimental point of view, the preferential site occupation is tedious to be measured directly due to the much lower atomic number of B compared to Fe-Co. However, the reduced symmetry of thin films compared to bulk may result in a favorable orientation, which could be induced by coherent epitaxial growth, followed by a relaxation towards the spontaneously strained state as shown for Fe-Co-C films 8 . A preferential lattice orientation allows using integral methods like texture measurements to probe the present tetragonal distortion and magnetization measurements to determine the magnetocrystalline anisotropy.
An agreement of these global measurements with the local DFT calculations would also confirm the unique alignment of all easy axes, which is beneficial for permanent magnet applications.
In other words, when comparing DFT calculations with experiments, one has to consider the different length scales. In DFT calculations, the preferential c axis is the result of the spontaneous strain at the atomic scale, while in thin film experiments, the out-of-plane orientation is given and may act on the whole sample. The expected preferential alignment of the strained c axis along the out-of-plane orientation thus has to be probed by the following experiments.
C. Saturation magnetization
For the considered (Fe x Co 1−x ) y B systems, the influence of B on magnetic moments is regarded first. The average magnetic moments per atom, obtained by SPR-KKR calculations, are listed in Table II . It is observed that the average magnetic moment decreases by increasing the B content. This can be simply explained by addition of a non-magnetic B component itself, and furthermore by the reduction of the magnetic moments on Fe/Co atoms around the B interstitial. In order to look closer at the latter effect an insight into atom and site specific magnetic moments is necessary. Internal relaxation changes the distances between Fe/Co atoms, especially around B interstitials. These reconfigurations affect the exchange coupling between Fe/Co atoms and thus affects magnetic moments.
In Table IV An increase of Co content leads to a decrease of the total magnetic moment for the considered Co concentrations in the (Fe x Co 1−x ) 24 B system (see Table II ). This negative dependence is not necessarily true beyond the studied range, since for bct Fe/Co alloys a magnetization maximum is observed for lower Co concentrations 1,2 . In our case the drop of magnetic moment is accompanied by an increase of (c/a) eq . In particular, the tetragonal distortion of the crystal structure leads to significant values of the MAE under particular c/a and alloy concentrations. Here, however, the reduction in MAE is rather small when going from y = 16 to y = 24, most likely -as pointed out For systems with y = 24, we have performed test calculations (not shown) utilizing a simpler approach to the problem of alloying, the virtual crystal approximation (VCA), fol-lowing the same procedure as described in Ref. 22 . Although these calculations overestimate the MAE by a factor between 2 and 4 compared to CPA calculations, nevertheless they result in a similar trend and thus provide a further support to the finding that a substantial MAE can be obtained also for lower Co contents. In contrast to CPA results, VCA ones were obtained within a full potential method.
D. Magnetocrystalline anisotropy energy
IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. Structural properties of Fe-Co-B films
Using PLD, we prepared a boron composition series and studied the structural and 5 nm. This would be in agreement with the observed x-ray coherence length (Figure 4(b) ), but may also be linked to thickness variations of the lamella.
The strong reduction of crystal size at higher B contents as indicated by the XRD measurements (Fig. 4(b) In order to characterize the tetragonal strain in the epitaxially grown Fe-Co-B films, {011} pole figures were measured for all films. As described in Ref. 8 , the c/a ratios were (Table II) is also reasonably close to the predicted c/a = 1.063 for Fe 0.4 Co 0.6 with 4 at% B (Table II) .
However, a further increase of B content is not followed by a further increased tetragonal strain, which was predicted by DFT. There are different possible reasons for this difference:
(a) The limited solubility of boron in Fe-Co which is nearly zero in thermal equilibrium 24 , but is obviously increased substantially by PLD, an effect known for many systems 71 . The experimental results thus confirm these calculations. However, because of the named reasons, not all B atoms contribute to the c axis oriented strain above a B content of 4.2 at%.
A likely explanation, why DFT calculations are not able to confirm the experiments exactly is, that they do not consider kinetic effects. Films are prepared within a finite time, which may lead to local variations of B density and thus result in an occupation of different lattice sites than expected from DFT, which describes the ground state.
The comparison of the B and C doped Fe-Co films 8 implies that a higher amount of B than C atoms can be solved in the PLD prepared Fe-Co films and preferentially occupies interstitial sites along the c axis, which favors a higher strain. An additional contribution may come from the size of the B atoms, which are bigger than C atoms. However, when a certain limit is reached, further added B (or C) atoms lead to a decrease of c/a. This limit is reached at around 4 at% B (or C). Since the c axis length is not altered when adding more B or C (see Figure 4) , we conclude that most of the additional atoms occupy sites along the a axes or are dissolved from the Fe-Co crystals. The latter explains the decreasing crystal size with increasing B (or C) content as discussed with Figure 4 (b) and in Ref. 8 , respectively.
For the Fe 0.38 Co 0.62 film with 4.2 at% B, the lattice distortion was determined from the FT of the TEM images ( Figure 5 ). Compared to the XRD result, where c/a was 1.045
( Figure 6(a) ), we observe a reduced strain of 1.02±0.01. Such strain reduction after TEM lamella preparation was already reported for Fe-Co-C films and was attributed to a lattice relaxation due to a reduced constraint of a thin TEM lamella compared to a continuous film 8 .
From growth studies of Fe-Co-C films, we concluded that the misfit dislocations which form during film growth affect the whole underlying film perpendicularly to the film surface due to the square surface symmetry of the Au-Cu buffer.
As second main result, the structural measurements revealed spontaneously strained ratios as the films presented here. The studied spontaneously strained Fe-Co-B films confirm our DFT calculations, which suggested minima of total energy depending on the B content (Table II) . However, and this is an important difference to the Fe-Co-C films, the spontaneous strain indeed depends on the particular B content -at least for low B contents up to about 4 at%. In order to compare the magnetic properties of spontaneously strained Fe-Co-B films, the anisotropy constant K U of the strain related uniaxial MCA was determined from hysteresis measurements as described in Ref. 8 . The results are summarized in Figure 6 our theoretical results (Table II) .
We argue that both, the strong reduction of M S and the decrease of MCA observed in our samples originate from an interplay of the proceeding amorphization due to the increasing 
C. Structural and magnetic properties in dependence on the Fe/Co ratio
The study of various Fe/Co ratios by DFT calculations (Table II) motivated for a comparison of films with unaltered B content. We chose Fe x Co 1−x films with 4 at% B due to the observed strain maximum (Figure 6(a) ). The measured tetragonal strain and the observed perpendicular anisotropy constants K U in these 20 nm thick films are summarized in Figure 8 . With regard to the tetragonal strain, we observe a slight decrease with increasing Fe content. Although there is only little variation between the films, this finding is qualitatively consistent with the theoretical predictions for (Fe x Co 1−x ) 24 B in Table II, which also give higher c/a ratios for higher Co contents. Due to already described reasons, we do not reach as high strains as calculated by DFT. The highest experimentally observed c/a is 1.045 for x = 0.36.
When comparing the magnetocrystalline anisotropy energies K U , we do not observe a strong dependence on the Fe/Co ratio, which in principle fits to the weak dependency proposed by DFT (see Figure 8 ). K U is about 0.5 MJ/m 3 on average, but slightly lower on the Co rich side and slightly higher in the films with more Fe than Co. The maximum observed K U is 0.54 MJ/m 3 for x = 0.6. The DFT calculations, however, predicted the highest MCA for the lowest Fe content.
From the Fe x Co 1−x films with 4 at% B we thus conclude that higher Fe contents (x = 0.6) not only lead to a higher magnetic saturation M S , but are also beneficial for a high MCA at low tetragonal strain. Such Fe rich films or additional concepts to stabilize higher strains beyond c/a = 1.05 obtained here are considered promising for further research. As one way to fulfill the latter task, we suggest the choice of a preparation method with less energetic impact, where the effect of lattice perturbation due to the B atoms might be smaller.
V. CONCLUSION
In this combined theory-experimental study, Fe-Co-B is introduced as an alloy with spon- Fe-Co-B with an easy axis of magnetization, which is defined by structure and not by shape.
The approach to exploit spontaneous strain and the related MCA thus gives much more opportunities than the substrate induced strain in Fe-Co, where the strain is limited to ultrathin films.
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